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Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1)
is involved in lipid and glucose metabolism via mRNA
processing. However, whether and how HNRNPA1 alters
adipocyte function in obesity remain obscure. Here, we
found that the obese state downregulated HNRNPA1 ex-
pression in white adipose tissue (WAT). The depletion of
adipocyte HNRNPA1 promoted markedly increased mac-
rophage infiltration and expression of proinflammatory
and fibrosis genes in WAT of obese mice, eventually lead-
ing to exacerbated insulin sensitivity, glucose tolerance,
and hepatic steatosis. Mechanistically, HNRNPA1 inter-
acted with Ccl2 and regulated its mRNA stability. Intra-
peritoneal injection of CCL2-CCR2 signaling antagonist
improved adipose tissue inflammation and systemic glu-
cose homeostasis. Furthermore, HNRNPA1 expression
in human WAT was negatively correlated with BMI, fat
percentage, and subcutaneous fat area. Among individu-
als with 1-year metabolic surgery follow-up, HNRNPA1
expression was positively related to percentage of total
weight loss. These findings identify adipocyte HNRNPA1
as a link between adipose tissue inflammation and sys-
temic metabolic homeostasis, which might be a promis-
ing therapeutic target for obesity-related disorders.

In past decades, the prevalence of obesity worldwide has
risen dramatically (1). Obesity-related metabolic disorders
(insulin resistance, type 2 diabetes, and cardiovascular
disease) represent a severe health issue. The critical charac-
teristic of obesity is chronic low-grade inflammation and
metabolic disorders (2). Adipose tissue is now recognized as
a critical metabolic organ that regulates whole-body energy

homeostasis via the regulation of energy storage and dissi-
pation (3) and secretion of adipokines (4). During obesity,
increased proinflammatory adipokines activate the immune
system and drive it toward a proinflammatory phenotype
(5). Among the adipokines, immune-modulating adipokines,
such as interleukin-6 (IL-6), IL-8, C-X-C motif chemokine li-
gand 5, and C-C motif chemokine ligand 2 (CCL2, also
known as MCP-1), play important roles in adipose tissue
macrophage (ATM) recruitment and activation (6), resulting
in a feedback loop of adipose tissue inflammation. Recently,
many of these inflammatory signals generated by adipose
tissue were reported to block insulin sensitivity that finally
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resulted in systemic metabolic dysfunction (7,8). Although
extensive research and several mechanisms have been pro-
posed, the causal processes promoting adipose tissue inflam-
mation in obesity are continuously being expanded and
have always been a hot spot for research (9).

It is well established that many different types of RNA-
binding proteins exist in eukaryotic cells. RNA-binding pro-
teins could combine with specific sequences or secondary
structures of mRNA transcript variants to regulate their syn-
thesis, expression, and function (10). A growing amount of
research indicates that RNA processing prepares the tran-
script so that it can function in adipogenesis (11), adipocyte
lipolysis (12), adipocyte thermogenesis (13), etc. Heteroge-
neous nuclear ribonucleoprotein A1 (HNRNPA1), a ubiqui-
tously expressed member of the HNRNP family of RNA-
binding proteins, contains highly conserved RNA recognition
domains and a nuclear targeting sequence (14). It takes part
in multiple cell functions, including regulation of transcrip-
tion factors, alternative splicing, mRNA stability, mRNA nu-
clear export, and miRNA processing (15). Emerging evidence
indicates that HNRNPA1 plays important roles in regulating
metabolic balance in the liver and muscle through multiple
target genes (16–18). However, it remains unclear whether
HNRNPA1 in adipose tissue would exert any effect on meta-
bolic disorders. In this study, we comprehensively investi-
gated the role of HNRNPA1 in adipose tissue inflammation
and obesity-related metabolic disorders and deciphered its
mechanisms via regulating mRNA stability of CCL2, which
could provide therapeutic strategies against obesity and met-
abolic diseases.

RESEARCH DESIGN AND METHODS

Animal Experiments
Hnrnpa1 flox/flox (fl/fl) C57BL/6J mice were purchased
from GemPharmatech Co. Ltd., in which exons 2–11 of the
Hnrnpa1 allele were flanked by loxP site. Adipoq-Cre C57BL/
6J mice were purchased from The Jackson Laboratory.
Adipocyte-specific Hnrnpa1 knockout (Hnrnpa1 ako) mice
were generated by intercrossingHnrnpa1 fl/fl mice with het-
erozygous adipoq-Cre mice. Hnrnpa1 ako mice were geno-
typed by PCR using DNA isolated from tails. The genotyping
primers are shown in Supplementary Table 1. Detailed pro-
cedures for mouse modeling, metabolic phenotype, and se-
rum analysis can be found in the Supplementary Methods.

Histological, Immunohistochemistry, and
Immunofluorescence Analysis
For tissue staining, dissected adipose and liver tissues were
fixed in 4% paraformaldehyde (G1101; Servicebio) and em-
bedded by paraffin. Tissue sections were stained with he-
matoxylin-eosin (H-E) (G1076; Servicebio) or antibodies,
including anti-F4/80 and anti-CD11c, followed by species-
specific secondary antibodies. The images were acquired by
a microscope (Leica) using a 20× objective.

Cell Culture, Differentiation, and Treatment
The mouse stromal vascular fraction (SVF) was isolated
from the included inguinal white adipose tissue (iWAT) de-
pot of 4–6-week-old male mice. Detailed steps for cell isola-
tion, culture, and differentiation are presented in the
Supplementary Material, and mature adipocytes were used
for further studies. Adipoq-Cre adenovirus (Cre AdV) and
negative control were provided by Genechem Co. Ltd.,
which were used to knockdown Hnrnpa1 in primary adipo-
cytes fromHnrnpa1 fl/fl mice.

To assess the insulin-induced AKT pathway, primary adi-
pocytes were stimulated with insulin (10 nmol/L for 10 min).
The glucose uptake ability of adipocytes was measured using
the Glucose Uptake-Glo Assay Kit (J1342; Promega). For li-
polysis assay, adipocytes were stimulated with tumor necrosis
factor-a (TNF-a) (10 ng/mL). The Mouse CCL2/JE/MCP-1
Quantikine ELISA Kit (MJE00B; R&D Systems) was used
to analyze the level of CCL2 according to the instructions
provided in the manual. To assess the mRNA stability of
CCL2 under HNRNPA1 knockdown, differentiated 3T3-L1
cells were treated with 5 mg/mL actinomycin D (HY-17559;
MedChemExpress) and harvested at indicated time points.

Lentivirus-Mediated Gene Transfer
pLKO.1-puro empty vector plasmid, HNRNPA1 shRNA
plasmids, pSLenti-CMV-7Myc-EGFP-PGK-Puro-WPRE empty
vector plasmid, pSLenti-CMV-7Myc-Slc2a4-linker-EGFP-
PGK-Puro-WPRE plasmid, psPAX2, and pMD2.G were used
for the lentiviral package. The procedure of lentivirus pack-
age, concentration, and shRNA sequences are shown in the
Supplementary Methods.

Human Adipose Tissue Samples
There were 236 individuals included for adipose HNRNPA1
mRNA expression analysis. These individuals underwent
either elective abdominal surgery for cholecystectomy or
weight reduction bariatric surgery at Shanghai Jiao Tong
University School of Medicine Affiliated Sixth People’s
Hospital between July 2019 and August 2020. Detailed
standards about recruitment, exclusion, clinical data, and
sample acquisition were described previously (19). The hu-
man study was approved by the ethics committee of Shang-
hai Jiao Tong University School of Medicine Affiliated
Sixth People’s Hospital.

RNA Immunoprecipitation Assay
According to the manufacturer’s instructions, the RNA
immunoprecipitation (RIP) assay was performed using
Magna RIP RNA-Binding Protein Immunoprecipitation
Kit (17-700; Millipore). Detailed steps are provided in the
Supplementary Material.

Western Blot Analysis
Tissue and cell samples were lysed with radioimmunopre-
cipitation assay lysis buffer containing EDTA-free prote-
ase and phosphatase inhibitor cocktail. Detailed steps are
provided in the Supplementary Material.
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RNA Extraction, Quantitative RT-PCR, and RNA
Sequencing
Total RNA was extracted from cells and tissues using TRIzol
reagent (15596018; Invitrogen). A total of 500 ng RNA was
reversed to cDNA using the PrimeScript RT Reagent Kit
with gDNA Eraser (RR047B; Takara Bio) according to the
manufacturer’s instructions. Quantitative RT-PCR (RT-qPCR)
was performed using SYBR qPCRMasterMix (R222; Vazyme)
on a Bio-Rad C1000 thermal cycler. Experiments were re-
peated three times. Primers for RT-qPCR are listed in
Supplementary Table 2.

For RNA sequencing (RNA-seq), total RNA samples of
primary adipocytes and iWAT from Hnrnpa1 fl/fl and ako
mice were extracted using TRIzol reagent. The specific
sequencing procedure is shown in the Supplementary
Methods.

Quantification and Statistical Analysis
All data are presented as mean ± SEM, median (interquar-
tile range), and n (%). Statistical analysis was performed
using unpaired two-tailed Student t test or two-way AN-
OVA with �Sid�ak multiple comparisons test. Correlational
analyses were conducted by nonparametric Spearman cor-
relation. ImageJ version 1.53 software was used for West-
ern blot image densitometry analysis.

Data and Resource Availability
The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding authors
upon reasonable request.

RESULTS

HNRNPA1 Expression in Adipose Tissue Decreased in
Obesity
We analyzed HNRNPA1 expression in human metabolic tis-
sues and found that its expression was much more abundant
in WAT than liver, muscle, pancreas, and hypothalamus
based on the Genotype-Tissue Expression (GTEx) database
(20) (Supplementary Fig. 1). We therefore measured
HNRNPA1 expression in human subcutaneous adipose
tissue (SAT) and visceral adipose tissue (VAT) from
10 nonobese and 10 obese individuals. Representative expres-
sion and quantitative analysis showed an obvious reduction
in HNRNPA1 protein levels among obese humans compared
with the control subjects (Fig. 1A and B). Moreover, weight
loss caused by bariatric surgery upregulated mRNA levels
of HNRNPA1 in human SAT according to the data set from
Poitou et al. (21) (Fig. 1F).

In addition, high-fat diet (HFD) feeding resulted in
decreased mRNA and protein expression of HNRNPA1
in mouse iWAT and epididymal WAT (eWAT), while
this effect was not observed in brown adipose tissue
(BAT) (Fig. 1D–F). These data suggest that obesity sta-
tus could downregulate HNRNPA1 expression of adi-
pose tissue.

Adipocyte-Specific HNRNPA1 Deletion Exacerbates
Systemic Metabolic Deterioration
The specific role of HNRNPA1 in adipose tissue was investi-
gated by crossing Hnrnpa1 fl/fl mice with adipoq-Cre mice
(Fig. 2A). As expected, HNRNPA1 was significantly reduced in
adipose tissues, while there was no change in mRNA and pro-
tein levels in the hypothalamus, liver, andmuscle (Fig. 2B–D),
verifying the specificity of the Hnrnpa1 ako mice. After iso-
lating SVF and mature adipocyte fraction, Western blot ex-
periments provided further evidence for adipocyte-specific
knockout of Hnrnpa1 (Supplementary Fig. 2). We first ob-
served the phenotypes in the setting of normal chow diet
(NCD) feeding for 16 weeks. The body weight, tissue weight,
and food intake ofHnrnpa1 akomice were comparable with the
control group (Supplementary Fig. 3A–C). Therewas also no dif-
ference in glucose tolerance and insulin sensitivity (Fig. 2E and
F). However, pyruvate tolerance test analysis showed that blood
glucose levels were mildly higher in Hnrnpa1 ako mice than in
Hnrnpa1 fl/fl, indicating impaired pyruvate tolerance (Fig. 2G).

To further investigate the functional significance of adi-
pocyte-specific Hnrnpa1 deletion, mice were fed a 60% HFD
for 20 weeks, starting at 8 weeks of age. Both Hnrnpa1 fl/fl
and Hnrnpa1 ako mice showed a similar age-dependent in-
crease in body weight (Fig. 3A). Besides, the food intake
(Fig. 3B), fat mass, and lean mass showed no difference
(Fig. 3C). Remarkably, Hnrnpa1 ako mice displayed signifi-
cantly impaired glucose intolerance and insulin sensitivity
(Fig. 3D and E). For a better understanding of the role of
HNRNPA1 in insulin action, we harvested adipose, liver, and
muscle tissue after 10 min of intraperitoneal insulin injection.
Consistent with the insulin tolerance studies, insulin-stimulated
AKT phosphorylation was significantly lower in iWAT, eWAT,
and liver but not in muscle tissues of Hnrnpa1 ako versus
Hnrnpa1 fl/fl mice (Fig. 3F). The ability of insulin to suppress
lipolysis also indicated insulin sensitivity of adipose tissue,
and we found that hormone-sensitive lipase phosphorylation
inhibition and serum free fatty acid suppression were both
impaired inHnrnpa1 akomice (Fig. 3G andH).

In addition, we examined the impact of HNRNPA1 on liver
metabolism under HFD feeding. Hnrnpa1 ako mice showed
significantly higher levels of glycemia than control mice dur-
ing pyruvate tolerance testing (Fig. 3I), indicating overacti-
vated hepatic gluconeogenesis. We analyzed mouse liver
tissues for the key gluconeogenic gene expression and found
that Pepck and G6pc were expressed higher in the liver of
Hnrnpa1 ako mice (Fig. 3J). The liver showed a light gray
color, and H-E staining demonstrated increased lipid accumu-
lation in Hnrnpa1 ako mice (Fig. 3K and L), indicating that
adipocyte HNRNPA1 deletion promoted hepatic steatosis.
Consistently, hepatic triglyceride levels were significantly in-
creased (Fig. 3M). Overall, the data demonstrated that adipo-
cyte HNRNPA1 plays important roles in metabolic disorders.

HNRNPA1 Deficiency Aggravates Adipose
Inflammation
Even though no obvious changes in global metabolic phe-
notypes were observed in the NCD-fed mice between
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genotypes, we found that Hnrnpa1 ako mice showed ele-
vated proinflammatory gene expression and a trend to-
ward decreased expression of anti-inflammatory genes in

WAT (Fig. 4A and B), while no differences were observed
in adipogenesis, lipolysis, and glucose metabolism genes
in WAT between Hnrnpa1 fl/fl and Hnrnpa1 ako mice

Figure 1—HNRNPA1 expression in adipose tissue decreases in obesity. A: Representative Western blot analysis and quantification of HNRNPA1
expression in SAT from normal weight and obese individuals (n = 10 biologically independent samples). B: Representative Western blot analysis
and quantification of HNRNPA1 expression in VAT from normal weight and obese individuals (n = 10 biologically independent samples).C: Changes
of HNRNPA1mRNA expression levels in human SAT before and after 3 months of Roux-en-Y gastric bypass. D and E: RT-qPCR analysis of leptin
andHnrnpa1mRNA expression in iWAT, eWAT, and brown adipose tissue (BAT) fromNCD- or HFD-fedmice (n = 6 biologically independent mice).
F: Representative Western blot analysis of HNRNPA1 expression in iWAT, eWAT, and BAT from NCD- and HFD-fed mice (n = 3 biologically inde-
pendent samples per group). Data aremean ± SEM.P values were determined by two-tailed Student t test. *P< 0.05, **P< 0.01, ***P< 0.001.

716 Role of HNRNPA1 in Adipose Tissue Inflammation Diabetes Volume 73, May 2024



(Supplementary Fig. 3D and E). Since adipose tissue in-
flammation is known to promote lipolysis (22), we also
detected a significant increase in lipolysis of Hnrnpa1 ako
mice whether at room temperature or under cold stimula-
tion (Supplementary Fig. 3F and G).

Moreover, in obese mice, we observed increased proin-
flammatory and decreased anti-inflammatory gene ex-
pression in WAT of Hnrnpa1 ako mice (Fig. 4C and D).
Previous studies reported that ATMs mainly accumulate
in obese WAT, forming crown-like structures and leading

Figure 2—Adipocyte HNRNPA1 abrogation promotes hepatic gluconeogenesis under NCD feeding. A: Schematic representation of the
generation of the Hnrnpa1 ako mouse model. B: RT-qPCR analysis of Hnrnpa1 mRNA expression in iWAT, eWAT, brown adipose tissue
(BAT), liver, muscle, and hypothalamus (Hypo) from Hnrnpa1 fl/fl or Hnrnpa1 ako mice (n = 6 biologically independent mice). C: Represen-
tative Western blot analysis of HNRNPA1 expression in iWAT, eWAT, and BAT from Hnrnpa1 fl/fl or Hnrnpa1 ako mice (n = 3 biologically
independent mice). D: Representative Western blot analysis of HNRNPA1 expression in hypothalamus, liver, and muscle (n = 3 biologically
independent samples per group). E: Glucose tolerance test and area under the curve (AUC) of Hnrnpa1 fl/fl or Hnrnpa1 ako mice (n = 5 bio-
logically independent mice). F: Insulin tolerance test and AUC of Hnrnpa1 fl/fl or Hnrnpa1 ako mice (n = 5 biologically independent mice).
G: Pyruvate tolerance test and AUC of Hnrnpa1 fl/fl or Hnrnpa1 ako mice (n = 5 biologically independent mice). Data are mean ± SEM.
P values were determined by unpaired two-tailed Student t test (B) or two-way ANOVA with �Sid�ak multiple comparisons test (E, F, and G).
*P< 0.05, ***P < 0.001.
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Figure 3—Hnrnpa1 ako mice show metabolic impairments when maintained on an HFD. Male Hnrnpa1 fl/fl and age-matched Hnrnpa1
ako littermates were fed an HFD for 20 weeks, and HFD feeding started at 8 weeks of age. A and B: Body weight and food intake (n = 7 bi-
ologically independent mice). C: Body composition, including fat mass, lean mass, and fluid (n = 7 biologically independent mice). D: Glu-
cose tolerance test and area under the curve (AUC) (n = 7 biologically independent mice). E: Insulin tolerance test and AUC (n = 7
biologically independent mice). F: Representative Western blot analysis of AKT phosphorylation in murine iWAT, eWAT, liver, and muscle
after insulin administration (1 unit/kg) or PBS in vivo. G: Representative Western blot analysis of hormone-sensitive lipase (HSL)
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to the development of chronic inflammation (23). Accord-
ingly, we found a higher number of crown-like structures
measured by F4/80 immunohistochemical staining in iWAT
and eWAT from Hnrnpa1 ako mice than Hnrnpa1 fl/fl mice
(Fig. 4E). CD11c is a classical marker of proinflammatory
macrophages (24). Consistently, the intensity of CD11c stain-
ing in iWAT and eWAT was elevated in Hnrnpa1 ako mice
(Fig. 4F and G and Supplementary Fig. 4). As accumulative
macrophage infiltration leads to adipocyte death and eventual
fibrosis (25),Hnnrpa1 akomice showed increased expression of
fibrotic genes inWAT (Supplementary Fig. 5), accelerating path-
ological remodeling of adipose tissue. Furthermore, Hnrnpa1
ako mice showed high serum levels of inflammatory factors,
including IL-1a, IL-9, IL-12p40, interferon-g (IFN-g), CCL2,
TNF-a, MIP-1b, and granulocyte colony-stimulating factor
(Fig. 4H). Additionally, we quantified immune cells using the
FACS technique. SVFs were isolated from obese mice after
12 weeks of HFD feeding. The F4/801CD11b1 cell num-
bers in iWAT and eWAT, as measured by FACS, were signif-
icantly higher in Hnrnpa1 ako mice (Supplementary Fig. 6A
and B). Taken together, these data suggest that adipocyte-
specific Hnrnpa1 knockout leads to increased adipose tissue
inflammation.

HNRNPA1 Knockdown Exacerbates Adipocyte Function
A previous study reported that silencing of HNRNPA1 im-
paired insulin sensitivity in C2C12 myotubes (26). Thus, we
explored whether the deletion of HNRNPA1 could affect adi-
pocyte function. The SVF from the iWAT of Hnrnpa1 fl/fl
mice was harvested, and the differentiated adipocytes were
infected with control or AdV. As expected, Cre AdV infection
caused the knockdown of HNRNPA1 in primary adipocytes
(Fig. 5A). HNRNPA1 knockdown did not affect the expres-
sion of genes involved in differentiation (Adipoq, Fabp4),
lipolysis (Lipe, Pnpla2), and glucose metabolism (Slc2a1,
Slc2a4) (Fig. 5B). Notably, HNRNPA1 knockdown impaired
insulin-stimulated AKT phosphorylation, indicating im-
paired insulin signaling pathway (Fig. 5C). As insulin-
AKT signaling stimulates glucose uptake via GLUT4 plasma
membrane translocation (27), the immunofluorescence anal-
ysis showed that insulin-stimulated GLUT4 plasma mem-
brane translocation was obviously decreased in HNRNPA1
knockdown adipocytes as visualized using confocal micros-
copy (Fig. 5D). The impaired ability of glucose uptake was
also determined (Fig. 5E). Additionally, HNRNPA1 knock-
down induced adipocyte lipolysis (Fig. 5F and G). These find-
ings were consistent with the results in Hnrnpa1 ako mice
underHFD feeding, which further demonstrated thatHNRNPA1
deficiency destroyed adipocyte function.

HNRNPA1 Deficiency Increases mRNA Stability of
CCL2
To dissect the molecular mechanism of HNRNPA1 in adi-
pose tissue, we examined the transcriptional profiles of
iWAT fromHnrnpa1 fl/fl andHnrnpa1 ako mice by perform-
ing RNA-seq analysis. Principal component analysis showed
that iWAT from Hnrnpa1 ako mice was separated from the
control group (Fig. 6A). The pathway enrichment data
showed that differential genes mainly enriched in cytokine-
cytokine receptor interaction and chemokine signaling path-
ways (Fig. 6B). From the volcano plot, chemokines (including
Ccl2, Ccl3, Ccl8, Ccl9, Cxcl10, and Cxcl13) were increased in
the iWAT of Hnrnpa1 ako mice (Fig. 6C). Then, we verified
the expression of chemokines in primary adipocytes and
found that there was a significant difference in Ccl2 expres-
sion between control and HNRNPA1 knockdown adipocytes
(Fig. 6D). Besides, shRNA was used to knockdown Hnrnpa1
mRNA in 3T3-L1 cells (Supplementary Fig. 7A and B), and
decreased Ccl2 expression was also identified in Hnrnpa1
knockdown cells (Fig. 6E). After knocking down Hnrnpa1 in
primary adipocytes, the secretion of CCL2 in the cell culture
supernatant was also reduced (Supplementary Fig. 8). From
these results, we conclude that HNRNPA1 deletion resulted
in increased expression and secretion of CCL2.

HNRNPA1 is an RNA-binding protein that has been re-
ported to be critical for mRNA processing (15). Therefore,
to decipher the exact regulatory mechanism of HNRNPA1,
RIP assay was performed, and the results suggested that
HNRNPA1 could interact with Ccl2 mRNA (Fig. 6F and G).
Importantly, HNRNPA1 knockdown increased the mRNA
stability of Ccl2 in 3T3-L1 cells treated with actinomycin D
(a specific RNA synthesis inhibitor) (Fig. 6H), which indi-
cated that HNRNPA1 functioned via binding to mRNA of
Ccl2 to inhibit its mRNA stability. Furthermore, we per-
formed RNA-seq of mouse primary adipocytes derived
from iWAT of Hnrnpa1 fl/fl mice infected with control or
Cre AdV, separately. The differentially expressed genes are
shown in Supplementary Table 3, which included 66 upre-
gulated genes and 122 downregulated genes (absolute log2
jfold changej $0.58, P < 0.05). Although other differen-
tially expressed genes were identified, CCL2 was still one of
the top differentially downregulated genes.

CCL2-CCR2 Signaling Antagonist Improves Metabolic
Disorders of Hnrnpa1 ako Mice Under HFD Feeding
Since CCL2 functioned mainly through CCR2 (28), several
studies explored the role of the CCL2-CCR2 pathway in met-
abolic complications based on CCL2-neutralized antibody or
antagonist (29,30). Thus, we aimed to detect whether CCL2-
CCR2 signaling antagonist could rescue the metabolic

phosphorylation in murine iWAT after insulin administration (1 unit/kg) or PBS in vivo. H: Serum free fatty acid (FFA) levels of mice after insulin
administration (0.5 units/kg) or PBS in vivo. I: Pyruvate tolerance test and AUC. J: RT-qPCR analysis of gluconeogenesis gene expression in
liver (n = 7 biologically independent mice). K: Representative pictures of livers from Hnrnpa1 fl/fl and Hnrnpa1 ako mice. L: Representative im-
ages of H-E–stained liver tissues (n = 4 per group; scale bar = 100 mm).M: Hepatic triglyceride (TG) levels (n = 7 for each group). Data are mean ±
SEM. P values were determined by unpaired two-tailed Student t test (A–C, J, and M) or two-way ANOVA with �Sid�ak multiple comparisons test
(D, E,H, and I). *P< 0.05, **P< 0.01. ATGL, adipose triglyceride lipase.
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disorders ofHnrnpa1 akomice under HFD feeding. INCB3344
was developed as a selective small-molecule antagonist of
CCR2, and several studies have identified its protective roles

in inflammatory disorders (31,32). We treated 16-week DIO
Hnrnpa1 fl/fl and Hnrnpa1 ako mice with daily subcutaneous
injection of INCB3344 (30mg/kg) for 14 days (Fig. 7A). At the

Figure 4—HNRNPA1 deficiency exacerbates adipose inflammation. A and B: RT-qPCR analysis indicating mRNA abundance of proinflamma-
tory and anti-inflammatory genes in iWAT and eWAT under NCD feeding (n = 4 biologically independent mice per group). MaleHnrnpa1 fl/fl and
age-matchedHnrnpa1 ako littermates then were fed an HFD for 20 weeks, and HFD feeding started at 8 weeks of age.C andD: RT-qPCR anal-
ysis indicating mRNA abundance of proinflammatory and anti-inflammatory genes in iWAT and eWAT (n = 6 biologically independent mice). E:
Immunohistochemical (IHC) staining of F4/80 in iWAT and eWAT from Hnrnpa1 fl/fl and Hnrnpa1 ako mice (n = 3 biologically independent sam-
ple; scale bars = 100 mm). F andG: Representative images of immunofluorescence staining of iWAT and eWAT from 20-week HFD-fed Hnrnpa1
fl/fl and Hnrnpa1 ako mice (n = 3 biologically independent samples; scale bars = 50 mm). H: Serum inflammatory factor level analysis, including
IL-1a, IL-1b, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-13, IFN-g, CCL2, TNF-a, MIP-1a, MIP-1b, and granulocyte colony-stimulating factor
(G-CSF). P values were determined by unpaired two-tailed Student t test (A–D,H). *P< 0.05, **P< 0.01, ***P< 0.001.
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end of the treatment period, body and tissue weight showed
no significant difference between Hnrnpa1 fl/fl and Hnrnpa1
akomice with or without INCB3344 injection (Supplementary
Fig. 9A and B). Remarkably, the numbers of infiltrated ATMs
decreased in iWAT and eWAT when treated with INCB3344
(Fig. 7B). Consistently, the reduction of CD11c intensity in
iWAT and eWAT was also determined in INCB3344-injected
mice (Fig. 7C and D and Supplementary Fig. 10), demonstrat-
ing that INCB3344 could abolish the proinflammatory effect
of HNRNPA1 deficiency. We assessed the overall state of
glucose metabolism, and the results showed that INCB3344

rescued the glucose metabolic abnormalities and had a ten-
dency to improve insulin sensitivity in adipocyte-specific
knockout of HNRNPA1 (Fig. 7E and F). Collectively, our
data further suggest that the obesity-related metabolic dis-
orders ofHnrnpa1 ako mice are mainly mediated by CCL2.

Human Adipose Tissue HNRNPA1 Is Correlated With
Metabolic Traits
To further explore whether HNRNPA1 is correlated with
human clinical characteristics, we analyzed its expression
in paired SAT and VAT of individuals undergoing either

Figure 5—HNRNPA1 knockdown leads to adipocyte dysfunction. Primary iWAT preadipocytes were isolated from Hnrnpa1 fl/fl mice and dif-
ferentiated into white adipocytes. On differentiation day 3, vector adenovirus and Cre AdV were respectively infected with cultured adipocytes
isolated from Hnrnpa1 fl/fl mice to the knockout Hnrnpa1 allele. A: Western blot analysis of the knockdown efficiency of HNRNPA1. B: RT-
qPCR analysis of mRNA levels of Hnrnpa1, genes involved in adipogenesis (Adipoq, Fabp4), lipolysis (Lipe, Pnpla2), and glucose metabolism
(Slc2a1, Slc2a4) in primary white adipocytes infected with control or Cre AdV.C: Western blot analysis of AKT phosphorylation in primary adipo-
cytes after insulin (10 nmol/L) or PBS treatment. D: Representative images (n = 4 biologically samples per group) of membrane localization of
GLUT4 in primary adipocytes after treatment with 100 nmol/L insulin or PBS for 24 h (scale bar = 20 mm). E: 2-Deoxy-glucose uptake in control
and Hnrnpa1 knockdown primary adipocytes with or without insulin treatment (100 nmol/L, 30 min) (n = 6 biologically independent sample per
group). F: Adipocyte supernatant glycerin levels of control andHnrnpa1 knockdown primary adipocytes.G: Free fatty acid (FFA) levels of adipo-
cyte supernatant from control and Hnrnpa1 knockdown primary adipocytes. Data are mean ± SEM. P values were determined by unpaired
two-tailed Student t test (B, E–G). **P< 0.01, ***P< 0.001.
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elective abdominal surgery for cholecystectomy or weight
reduction bariatric surgery. The clinical characteristics are
shown in Supplementary Table 4. We observed a negative
correlation of HNRNPA1 expression with BMI, fat percent-
age, and subcutaneous fat area in SAT (Fig. 8A–C). Notably,
LEP gene expression was significantly correlated with
HNRNPA1 expression (Fig. 8D). Among individuals with
detectable HNRNPA1 expression, 33 were followed up
1 year after bariatric surgery. The percentage of total weight
loss (TWL%) is an accurate indicator to assess efficiency of

weight loss surgery (33). We found that a higher level of
HNRNPA1 correlated with better TWL% (Fig. 8E), indicat-
ing that HNRNPA1 expression in SAT might predict the
outcome of bariatric surgery (as illustrated in Fig. 8F).

DISCUSSION

In the current study, we demonstrate HNRNPA1 as a reg-
ulator that links adipose tissue inflammation to metabolic
dysfunction. Hnrnpa1 ako mice were generated and used

Figure 6—HNRNPA1 regulates the mRNA stability of CCL2. Male Hnrnpa1 fl/fl and age-matched Hnrnpa1 ako mice were fed an HFD for 20
weeks, and HFD feeding started at 8 weeks of age. A: Principal component (PC) analysis based on RNA-seq data from iWAT of Hnrnpa1 fl/fl
and Hnrnpa1 ako mice (n = 3 replicates per condition). B: Pathway analysis of RNA-seq data from iWAT. C: Upregulated and downregulated
genes in iWAT of Hnrnpa1 fl/fl and Hnrnpa1 ako mice. Data are represented in a volcano plot with fold changes (log2FC) and adjusted P values
(�log10).D: RT-qPCR analysis of inflammatory chemokine genes expression (Ccl2,Ccl3,Ccl8,Ccl9,Cxcl10, andCxcl13) in primary white adipo-
cytes isolated fromHnrnpa1 fl/flmice infectedwith control or Cre AdV. E: RT-qPCR analysis ofCcl2 expression of 3T3-L1 cells infectedwith len-
tiviral vector or two different shRNA target clones (Hnrnpa1 sh1, Hnrnpa1 sh2). F and G: RIP assay assessing HNRNPA1 binding with Ccl2 in
3T3-L1 adipocytes (n = 3).H: mRNA level ofCcl2 in control or HNRNPA1 knockdown 3T3-L1 adipocytes upon transcriptional inhibition with acti-
nomycin D at the indicated times (n = 4). P values were determined by unpaired two-tailed Student t test (D, E, andG) or multiple t tests (H). *P<
0.05, **P< 0.01, ***P< 0.001. IB, immunoblotting; IP, immunoprecipitation; Not Sig, not significant.
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Figure 7—CCL2-CCR2 antagonist improves metabolic disorder of Hnrnpa1 ako mice under HFD feeding. Male Hnrnpa1 fl/fl and age-
matched Hnrnpa1 ako mice were fed an HFD for 16 weeks, and HFD feeding started at 8 weeks of age. A: Overview of INCB344 injection
(2 weeks) in mice fed an HFD at the start of the experiment. B: Immunohistochemical staining of F4/80 in iWAT and eWAT from Hnrnpa1 fl/fl
and Hnrnpa1 ako mice, with or without 2 weeks of INCB3344 injection (n = 3 biologically independent samples per group; scale bars = 100 mm).
C and D: Representative images of immunofluorescence staining of iWAT and eWAT of Hnrnpa1 fl/fl and Hnrnpa1 ako mice, with or without
2 weeks of INCB3344 injection (n = 3 biologically independent samples; scale bars = 50 mm). E: Glucose tolerance test and area under the curve

diabetesjournals.org/diabetes Li and Associates 723

https://diabetesjournals.org/diabetes


in metabolic studies to clarify the role of HNRNPA1 in insu-
lin sensitivity, glucose tolerance, and hepatic glucose and
lipid metabolism, as well as adipose tissue inflammation. Cell
experiments revealed that HNRNPA1 knockdown led to adi-
pocyte dysfunction. Mechanistically, HNRNPA1 regulated
the mRNA stability of chemokine CCL2, which influenced
the recruitment and activation of ATMs.Moreover, HNRNPA1

expression in humanWAT was negatively correlated with indi-
cators of fat accumulation and indicated the outcome of meta-
bolic surgery.

Previous studies have reported that HNRNPA1 is in-
volved in metabolic regulation. An earlier study found that
HNRNPA1 was one of the RNA-processing genes with de-
creased expression in human liver and muscle samples

Figure 8—Human adipose tissue HNRNPA1 expression is correlated with obesity and metabolic traits. A–C: The relationship between
HNRNPA1 expression and BMI, fat percentage, and subcutaneous fat area (SFA) in SAT. D: The relationship between HNRNPA1 and LEP ex-
pression. E: The relationship between baseline HNRNPA1 expression and TWL% in individuals 1 year after metabolic surgery. F: Model of how
adipocyte HNRNPA1 regulates CCL2 expression and thus influences adipose tissue inflammation and metabolic balance. Spearman correla-
tion analysis is shown by r values and two-tailed P values. FPKM, fragments per kilobase of transcript per million mapped reads.

(AUC) (n = 7 biologically independent mice per group). F: Insulin tolerance test and AUC (n = 7 biologically independent mice per group). Data are
mean ± SEM. P values were determined by two-way ANOVA with �Sid�ak multiple comparisons test (E and F). *P< 0.05, comparingHnrnpa1 ako
with vehicle; #P< 0.05, comparingHnrnpa1 fl/flwith vehicle. DIO, diet-induced obesity.
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(34). Hepatic HNRNPA1 overexpression could relieve hy-
perglycemia and liver steatosis from HFD feeding by bind-
ing and regulating calmodulin mRNAs (17). Studies in
skeletal muscle showed that HNRNPA1 improves insulin
resistance via regulating mRNA expression of CPT1b (18)
or glycogen synthase 1 (26). The metabolic protective roles
in the liver and muscle prompted us to explore the potential
function of HNRNPA1 in adipose tissue. Although it was
identified that loss of HNRNPA1 in murine skeletal muscle
exacerbated HFD-induced insulin resistance and hepatic
steatosis (26), we revealed the new role of HNRNPA1 in adi-
pocytes via an entirely different inflammatory mechanism,
emphasizing the contribution of adipocyte HNRNPA1 to
systemic metabolism.

Apart from regulating alternative mRNA splicing by
binding mRNA elements, HNRNPA1 also plays important
roles via regulating mRNA stability (15). HNRNPA1 could
bind with adenylate uridylate–rich sequences to modulate
mRNA stability of IL-2 (35) and granulocyte-macrophage
colony-stimulating factor, which maintains the function of
T cells (36). In addition, HNRNPA1 could affect cellular se-
nescence and apoptosis via regulating cIAP1 mRNA stabil-
ity (37). Recent studies revealed that HNRNPA1 exerts
antiaging effects in human lung fibroblast and vascular
cells via regulating the degradation of SIRT1 or octamer-
binding transcriptional factor 4 (38,39). Our study initially
identified a downregulation of HNRNPA1 expression in
obesity. A previous study reported a decrease in HNRNPA1
following insulin treatment (26), which suggested that
chronic hyperinsulinemia may regulate the expression of
HNRNPA1. This further highlighted the close relationship
between HNRNPA1 and metabolism. Then, we identified
that adipocyte HNRNPA1 deficiency disturbed the meta-
bolic homeostasis in both in vivo and in vitro experiments.
Considering that HNRNPA1 is a vital posttranscriptional
regulator, we speculate that HNRNPA1 might function by
regulating mRNA stability in adipose tissues.

Notably, proinflammatory factor CCL2 was hypothesized
to be a linker between HNRNPA1 depletion and adipose tis-
sue proinflammatory response in this study. CCL2 is se-
creted not only by macrophages and endothelial cells but
also by adipocytes (40). It is well established that CCL2 me-
diates macrophage recruitment and activation (41). HFD-
induced and ob/ob obese mice had high expression levels of
CCL2 in WAT, which has been extended to humans (42).
AP2 promoter–mediated Ccl2 transgene mice exhibited ATM
infiltration, insulin resistance, and hepatic steatosis under
HFD feeding (40). Furthermore, CCL2 or CCR2 homozygous
knockout mice showed improved inflammation and metabolic
dysfunction (43). These studies identified the connection
among CCL2, adipose tissue inflammation, and metabolic sys-
tem disorders. Although the research on adipose tissue inflam-
mation began earlier, emerging research continued to reveal
its new mechanism and clinical significance (44). In our se-
quencing data of iWAT inHnrnpa1 ako mice, the most notice-
able changes were cytokine-cytokine receptor interaction and

chemokine pathway. Increased CCL2 expression was identi-
fied in adipose tissue, primary differentiated adipocytes, and
3T3-L1 cells. Thus, we reveal a new regulatory mechanism
of ATM infiltration through the HNRNPA1-CCL2 axis. Be-
sides, the function of adipocyte secretion on systemic in-
flammation has also been continuously explored (45,46).
Apart from its role in recruiting immune cells at the tissue
level, previous studies found that CCL2 could directly regu-
late the function of adipocytes (42), pancreatic islet cells
(47), skeletal muscle cells (48), and tubular epithelial cells
(49) independent of CCR2. So, impaired adipocyte function
may be due to the autocrine regulatory role of CCL2. This
study clarifies the regulation and function of CCL2 derived
from adipocytes.

Given the important roles of CCL2, previous studies ex-
amined its regulatory mechanisms. It can be transcription-
ally induced by inflammatory stimuli (50), platelet-derived
growth factor (51), and the mTORC1-FOXK1 axis (52).
Furthermore, posttranscriptional regulation plays a crucial
role in CCL2 expression. It was identified that oxygen radi-
cals and pyroglutamate enhance CCL2 mRNA transcript
stability (53). The glucocorticoid receptor bound directly to
the three stem-loops in the 50 end of CCL2 and destabilized
its mRNA, implicating a role in immune responses (54). Plate-
let-derived growth factor, angiotensin II (55), prostaglandin E
receptor subtype 2 signaling (56), and ribosomal protein L22
(57) were also reported to function in stabilizing or degrading
CCL2 mRNA. Recently, Xiao et al. (58) reported that triste-
traprolin decreased CCL2 mRNA stability by regulating m6A
methylation to ameliorate hepatic injury. Parajuli et al. (59)
showed that AT-rich interaction domain-containing protein
5a stabilized CCL2 mRNA to regulate the tumor microenvi-
ronment. Therefore, as a vital chemokine in adipose tissue
and a potential therapeutic target, our findings provide evi-
dence that HNRNPA1 interacts directly with CCL2 and regu-
lates its mRNA stability in differentiated adipocytes.

In concordance with that study based on Ccl2 transgenic
mice, Hnrnpa1 ako mice showed a similar phenotype when
maintained on an HFD, including impaired glucose toler-
ance and insulin sensitivity, accumulated ATM infiltration,
and aggravated hepatic steatosis under HFD feeding, while
the body weight, adipose tissue weight, and food intake
showed no change inHnrnpa1 ako mice. We also show that
administration of CCL2-CCR2 signaling inhibitor to obese
mice inhibited the ATM infiltration and partly improved
glucose homeostasis. All our results highlight that adipo-
cyte HNRNPA1 functions via chemokine CCL2.

A limitation of our study is that we could not define
whether CCL2 is the only target that mediates the effect of
HNRNPA1 on adipose tissue inflammation. Given the dif-
ferentially expressed genes revealed by sequencing results, it
is conceivable that HNRNPA1 may have other as-yet undis-
covered target genes in adipocytes. Additionally, double
adipocyte-specific Hnrnpa1/Ccl2 knockout mice would likely
be the optimal choice to demonstrate the role of HNRNPA1
acting through CCL2 in adipocytes. Besides, the underlying

diabetesjournals.org/diabetes Li and Associates 725

https://diabetesjournals.org/diabetes


mechanism needs to be investigated in further studies, since
the specific binding site in CCL2 was not elucidated. Unrav-
eling in-depth mechanisms involved in HNRNPA1-regulated
inflammation in adipocytes will therefore be the focus of fu-
ture studies.

In summary, we report that HNRNPA1 was downregu-
lated in WAT of obese individuals and correlated with
clinical indicators. The reduced HNRNPA1 inhibited CCL2
mRNA degradation, leading to ATM infiltration, which ac-
tivated inflammation and metabolic dysfunction. Our
data unravel a balance between HNRNPA1-CCL2 and adi-
pose tissue inflammation, which is disturbed in obesity.
Further studies are needed to understand the comprehen-
sive mechanism and its potential therapeutic impact.
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